Understanding how star formation is regulated requires studying the energy balance between turbulence, magnetic fields, feedback, and gravity within molecular clouds. However, identifying the transition region where the gravity takes over and collapse occurs remains elusive. Recent studies of the Velocity Gradient Technique (VGT), which is an advanced tool for magnetic field studies, reveal that the velocity gradient changes its direction by 90 • with respect to the magnetic field in the regions of gravitational collapse. In this study, we confirm that the self-gravity induces the change of orientation and high gradient amplitude for both the velocity gradient and intensity gradient. We explore two ways of identifying self-gravitating regions through the doublepeak feature in the histogram of gradients' orientation and the curvature of gradients. We show that velocity gradients' morphology and amplitude can be synthetically used to trace the convergent inflows. By comparing with the column density Probability Density Functions method, we show that VGT is a powerful new tool for studying the gas dynamics and tracing magnetic field in star-forming regions. By analogy with VGT, we extend the Intensity Gradient Technique (IGT) to locate the gravitational collapsing region and shock. We show that the synergy of VGT and IGT can determine the collapsing stages in a star-forming region. We conclude that star formation can happen very successfully in strongly magnetized and fully ionized media.
INTRODUCTION
The molecular clouds in Milky Way are permeated by ubiquitous turbulent magnetic fields (Larson 1981; Elmegreen & Scalo 2004; McKee & Ostriker 2007; Chepurnov & Lazarian 2009; Ballesteros-Paredes et al. 2007 ). Turbulence, magnetic fields, and gravity significantly impact the critical properties of the star formation processes and stellar initial mass distribution in molecular clouds (Li & Henning 2011; Hull et al. 2013; Andersson et al. 2015; Jokipii 1966; Parker 1965 Parker , 1979 Caprioli & Spitkovsky 2014; Kennicutt 1998a,b; Xu & Zhang 2016a,b) . To understand the complex interplay of gravity, turbulence, and magnetic fields, it is essential to identify and study the transition regions where gravity takes over and collapse occurs (Traficante et al. 2020; Shu 1992 Shu , 1977 Xu & Lazarian 2020; Shu et al. 1994) . Nevertheless, observational studies of the self-gravitating transition region in molecular clouds have still not yet been fully developed.
Most analytic star formation theories rely on the column density Probability Density Functions (PDFs) of supersonic magnetized isothermal turbulence to get an insight of selfgravity (Klessen 2000; Padoan et al. 2017; Kritsuk et al. 2011; Burkhart 2018; Vazquez-Semadeni et al. 1995; Robertyue.hu@wisc.edu, alazarian@facstaff.wisc.edu, kyuen@astro.wisc.edu son & Kravtsov 2008; Collins et al. 2012; Burkhart 2018) . It was believed that in the presence of self-gravitating, the PDF evolves to a combination of log-normal format for low-density gas and a power-law tail for high-density gas (Ballesteros-Paredes et al. 2011; Price et al. 2011; Vazquez-Semadeni et al. 1995; Robertson & Kravtsov 2008; Collins et al. 2012; Burkhart 2018) . The transition from log-normal to power-law PDF reveals the density threshold, above which the gas becomes self-gravitating. However, in addition to self-gravity, the PDFs are also shaped into a power-law distribution due to the insufficient optical depth in self-absorbing media (Hu et al. 2020b) or the effects of line-of-sight contamination on the column density structure (Schneider et al. 2015a,b; Law et al. 2019) . The applicability of PDFs is constrained.
The Velocity Gradient Technique (VGT), which is initially developed as an advanced tool for magnetic field studies (González-Casanova & Lazarian 2017; Yuen & Lazarian 2017a; Lazarian & Yuen 2018a; Hu et al. 2020a) , has resulted in a new method for measuring the transition from strongly magnetized to gravitational collapsing gas. The VGT uses the fact that within magnetohydrodynamic (MHD) turbulence, the turbulent eddies are anisotropic (Goldreich & Sridhar 1995) and their anisotropy reveals the local direction of the magnetic field that percolates the eddy (Lazarian & Vishniac 1999; Cho & Vishniac 2000) . As a result, the velocity Figure 1 . Illustrations on how self-gravity changes the maximum gradient direction, extracted from Yuen & Lazarian (2017b) . Panel a: Eddies are elongated parallel to the local magnetic field direction. When gravity is absent (left), the maximum change of the velocity amplitudes (i.e., velocity gradient) is in the direction perpendicular to the local magnetic field. Panel b: the gravitational pull produces the most significant acceleration of the plasma in the direction parallel to the magnetic field, and the velocity gradients are parallel to the magnetic field. gradients are perpendicular to the magnetic field of the eddies that are being studied.
The ability of VGT to trace magnetic fields in turbulent media has been tested in numerical simulations (Hsieh et al. 2019; Hu et al. 2018; Yuen & Lazarian 2017b) and by comparing with observational polarization maps (Hu et al. 2019a,b; González-Casanova & Lazarian 2019; Hu et al. 2020a) . These studies also reveal that a new effect takes place in the presence of self-gravity. The matter infall induces a change of the direction of velocity gradients concerning the magnetic field. In other words, towards regions where star formation is taking place, the velocity gradients induced by the infall motions parallel to the magnetic field gradually begin dominating over the velocity gradients arising from turbulence. The observational signature of this change in the cloud dynamics is that the VGT orientation flips by up to 90 • to align parallel with the direction of the magnetic fields (Yuen & Lazarian 2017b; Lazarian & Yuen 2018a; Hu et al. 2019a) .
By identifying the change of the velocity gradients, one can identify the regions in which dynamics are dominated by self-gravity. If magnetic field direction is already known from polarimetry, this identification is trivial. However, the VGT was introduced as a technique for studying the magnetic field independently of high-cost and frequently impossible polarimetric studies. Therefore in this paper, we discuss the pure applicability of VGT in identifying collapsing cloud regions and, very importantly, studying magnetic fields in self-gravitating molecular clouds.
The identification of self-gravitating regions has been made using intensity Probability Distribution Functions (PDFs). Our study of the PDFs in Hu et al. (2020b) has revealed that the PDFs are strongly affected by radiation transfer effects. This is a severe limitation of the PDFs. Moreover, even in the absence of the effects of radiation transfer, as we discuss in the paper, VGT provides a more sensitive tool compared to the PDFs, as the VGT is sensitive to different stages of the gravitational collapse, while the PDFs are sensitive to the final stages of the collapse. In addition, VGT can be used synthetically with intensity gradients that also change their orientation with respect to the magnetic field in the presence of self-gravity (Yuen & Lazarian 2017b; Hu et al. 2019c ). However, the change of density field is an accumulating process, while the velocity field is significantly changed only when the gravitational energy dominates over the kinematic energy of turbulence. This helps to identify the stage of gravitational collapsing for molecular clouds using the relative orientation of intensity gradients and velocity gradients. In addition, the high gradient amplitude induced by self-gravity also paves the way to distinguish shocks.
For this study, we use several computational tools that are developed by our group for the gradient studies. For instance, to identify the boundary of the collapsing region, we develop the double-peak algorithm and also use the curvature algo-rithm presented in . At the same time, we use the Principal Component Analysis (PCA) to perform pre-processing of the spectroscopic data cube . To find gradient directions, apart from the classical fixed size sub-block averaging (Yuen & Lazarian 2017a) , we experiment with the adaptive sub-block averaging. These methods improve the ways that the gradients are calculated.
In what follows, we theoretically illustrate the properties of MHD turbulence in the presence and absence of self-gravity, in § 2. In § 3, we describe the full algorithm in calculating velocity gradients with the filtering process, i.e., the PCA. In § 4 we give details about the numerical simulation used in this work. In § 5, we study the responses of PDFs and velocity gradients with respect to self-gravity, as well as identify gravitational collapsing regions. In § 6, we extend our study of velocity gradients to intensity gradients and show how to determine collapsing stages and shocks. In § 7, we discuss the application and further development of VGT. In § 8, we give our conclusions.
THEORETICAL CONSIDERATION 2.1. VGT and MHD turbulence theory
The VGT utilizes the properties of MHD turbulence and below we explain those essential for understanding this technique. A more detailed discussion of MHD turbulence can be found in a recent book by Beresnyak & Lazarian (2019) .
The theory of MHD turbulence has been given a boost by the prophetic study by Goldreich & Sridhar (1995) , denoted as GS95 later. In particular, GS95 predicted the turbulent eddies are anisotropic and showed that the degree of turbulence anisotropy increases as the scale of turbulent motions decreases. The subsequent study of turbulent reconnection in Lazarian & Vishniac (1999) demonstrated that turbulent reconnection of the magnetic field, which takes place over just one eddy turnover time, is an intrinsic part of the MHD turbulent cascade. The reconnection enables the mixing of magnetic field lines perpendicular to the magnetic field direction. The mixing motions within the eddies further induce changes of the fluid velocities perpendicular to the magnetic field lines. Therefore, the local gas velocity gradients are directed perpendicular to the local directions of the magnetic field 1 . This phenomenon has been confirmed by the numerical studies in Cho & Vishniac (2000) and Maron & Goldreich (2001) . This notion of a local system of reference is critical for understanding the VGT. Indeed, for the detailed tracing magnetic field using the velocity field, it is essential that the velocities are oriented in respect to the direction of the magnetic field in the sampled volumes, rather than with the direction of the mean magnetic field.
In the process of observations, the contributions from eddies of different scales are summed up. The smallest eddies trace the fine magnetic structure, while the larger eddies sam-ple magnetic field on a coarser grid scale. For the VGT it is essential that the gradients arising from the smallest eddies dominate. This follows from the scaling of MHD turbulence.
According to Lazarian & Vishniac (1999) , magnetic fields give minimal resistance to the motions of eddies with scale l ⊥ perpendicular to the local direction of the magnetic field. Thus, the eddies obey the hydrodynamic Kolmogorov law v l,⊥ ∼ l 1 3 ⊥ , where v l,⊥ is the turbulence's injection velocity perpendicular to the local direction of magnetic field. The relation between the scale l along the magnetic field and l ⊥ perpendicular the magnetic field is expressed as (Lazarian & Vishniac 1999) :
where L inj is the injection scale of turbulence and M A = v l /v A is the Alfvénic Mach number, i.e., the ratio bewteen the injection velocity v l of turbulence and Alfvénic velocity v A . By equating the period of Alfvénic wave and turbulent eddy's turnover time, the scaling of turbulent velocity of eddies is derived as :
when M A = 1 the relation returns to the GS95 version. Eq. 3 is a crucial element for VGT technique, as it testifies that (i) the gradients of velocity amplitude scale as v l,⊥ /l ⊥ ∝ l −2/3 ⊥ , i.e., the smallest resolved scales are most important in calculating the gradients; (ii) the measured velocity gradients are perpendicular to the magnetic field at the smallest resolved scales, i.e., they well trace the magnetic field in the turbulent volume.
The properties of turbulence are modified in the presence of gravitational collapse. In the vicinity centers of gravitational collapsing, the self-gravity is gradually dominating over the kinematic properties of the turbulence. In the case of strong self-gravity, velocity gradients are expected to change their orientation from perpendicular to magnetic fields to align with magnetic fields (Yuen & Lazarian 2017b; Hu et al. 2019a) . As shown in Fig. 1 , assuming the gravitational center is located at the center of a turbulent eddy, when gravity is sub-dominant to magnetic and turbulent energy, the magnetized turbulent eddies are elongated in the direction parallel to the magnetic field surrounding the eddies. As a result, the maximum change of the velocity amplitudes (i.e., velocity gradient), is in the direction perpendicular to the local magnetic field, and by rotating the velocity gradient by 90 • we can trace the magnetic field. In regions where gravitational collapse has begun, the dynamics are different. If the magnetic field is strong enough to provide support, we expect that in the direction perpendicular to the magnetic field, any gravitational pull inducing the acceleration is counteracted by a magnetic force. Hence, the gravitational pull produces the most significant acceleration of the plasma in the direction parallel to the magnetic field, and the velocity gradients are parallel to the magnetic field. Alternatively, in a case where the magnetic field support is weak compared to gravity, the infall motions of the plasma will alter the magnetic field geometry so that it tends to align parallel to the direction of gravitational collapse, so the velocity gradients are also parallel to the magnetic field.
A similar argument also holds for intensity gradients, i.e., intensity gradients are perpendicular to the magnetic field due to the anisotropic relation of turbulent eddies. However, intensity gradients exhibit different properties from velocity gradients. A prior study in Soler et al. (2013) reported that the intensity gradient is rotating with respect to magnetic fields when arriving density threshold n T ∼ 50 n (where n denotes the average column density) in the case of strong magnetization media (the compressibility β = 0.1), and n T ∼ 500 n in the case of moderately magnetized media (β = 1.0) for super-Alfvénic and self-gravitating MHD simulation. However, It was demonstrated that the intensity gradient tends to be parallel to its local magnetic fields when getting close to the dense shock front in the absence of gravity (Yuen & Lazarian 2017b; Xu et al. 2019; Hu et al. 2019c) . The intensity gradient is sensitive to both self-gravity and shock, while it is not the case for the velocity gradient. The change of intensity gradient induced by shocks does not specify a density threshold, which calls the value of n T into questions. It, therefore, encourages a detailed study of intensity gradients, i.e., distinguishing shocks and self-gravitating regions.
In this paper, we address the issue of how velocity gradients and intensity gradients behave in the regions of selfdominant gravity for the case of sub-and trans-Alfvénic clouds, and further discuss how the stage of collapse is correlated to the alignment of density gradients and velocity gradients.
Velocity fluctuations in thin velocity channel
The information about turbulent velocities is contained in Position-Position-Velocity (PPV) data which is available through spectroscopic observations. The statistics of the intensity fluctuations in PPV and their relation to the underlying statistics of turbulent velocity and density is presented in Lazarian & Pogosyan (2000) . There it was shown the the velocity effects are most prominent in thin channel maps, i.e. in thin velocity slices of PPV cubes.
Within thin channel maps the field of velocity produces intensity fluctuations due to the effect of velocity crowding. These fluctuations in particular regimes identified in Lazarian & Pogosyan (2000) can absolutely dominate the effects of intensity fluctuations arising from density clumping. In fact, if the energy spectrum of magnetic fluctuations is steep, e.g. Kolmogorov spectrum, the velocity fluctuations determine the statistics of the intensities in thin channels Lazarian & Pogosyan (2000) . It can be demonstrated that this assumption holds not only in the single-phase self-absorption media, but also in two-phase H I media (Lazarian & Pogosyan 2004; Kandel et al. ,b, 2016 , provided that the cold H I clumps are moved together with the warm media. Therefore, by varying the thickness of velocity channels, one can extract the statistical density fluctuation and velocity fluctuation in PPV cubes (Lazarian 2009; Yuen et al. 2019) . The criterion for distinguishing the thin channel and the thick channel is given as :
where ∆v is the velocity channel width, δv is the velocity dispersion calculated from velocity centroid (Lazarian & Pogosyan 2000) .
Probability density function
The Probability Density Functions (PDF) is one alternative way to identify gravitational collapsing regions utilizing the information of the density field. Indeed, a number of studies revealed that the density distribution is a log-normal (P N ) for supersonic magnetized isothermal turbulence (Vazquez-Semadeni et al. 1995; Robertson & Kravtsov 2008; Collins et al. 2012; Burkhart 2018) :
where s= ln(ρ/ρ 0 ) is the logarithmic density and σ s is the standard deviation of the log-normal, while ρ 0 and s 0 denote the mean density and mean logarithmic density.
In the case of self-gravitating MHD turbulence, the gas density probability distribution function (PDF) evolves to a combination of log-normal (P N ) PDF at low densities and a power-law (P L ) PDF at high densities:
where S t = ln(ρ t /ρ 0 ) = (α − 1 2 )σ 2 s is the logarithm of the normalized transitional density between the log-normal and power-law forms of the density PDF (Vazquez-Semadeni 1994; Slyz et al. 2005; Ballesteros-Paredes et al. 2011; Körtgen et al. 2019) . The transition density s t value depends on the slope α of the power law and the width of the log-normal. As α shallows (i.e. becomes less steep, which is expected for strong self-gravitating turbulence), the transition density (S t ) between the PDF log-normal and power law moves towards lower density. Nevertheless, there still exist limitations of the PDFs in distinguishing regions of gravitational collapse in self-absorbing media, which is discussed in Hu et al. (2020b) . 
where ρ is gas density, v is the velocity component along the line of sight, ∆v is the velocity channel width satisfied with Eq. 4, v 0 is the velocity corresponding to the peak position in PPV's velocity profile. The validity of these two methods have been test in both numerical simulations (Hsieh et al. 2019; Lazarian & Yuen 2018a ) and observational data (Hu et al. 2019b,a) .
To improve the performance of VGT, Hu et al. (2018) used the Principal Component Analysis (PCA) as a tool to extract the most crucial n velocity components in a PPV cube. The implementation of PCA constructs a new orthogonal basis, which consists of n eigenvectors and n eigenvalues. The contribution from a principal component corresponding to small eigenvalues is also insignificant. By omitting small eigenvalues and their corresponding principal components in the PPV cube, we can, therefore, remove the noise. Also, it is possible to enhance the contribution from crucial components by projecting the original dataset into the new orthogonal basis formed by the eigenvectors (Hu et al. , 2020a . The PCA algorithm is implemented as follows.
Assuming that a PPV cube ρ(x, y, v) is a probability density function of three random variables x, y, v, we can obtain its covariance matrix and the eigenvalue equation for this covariance matrix from (Brunt & Heyer 2002a,b; Hu et al. 2018 Hu et al. , 2020a :
where S is the co-variance matrix with matrix element S(v i , v j ), with i, j = 1, 2, ..., n v . n v is the number of channel in PPV cubes and λ is the eigenvalues associated with the eigenvector u (Hu et al. , 2020a . By weighting channel ρ(x, y, v j ) with the corresponding eigenvector element u ij , we project the PPV cube into a new orthogonal basis, in which the corresponding eigen-map I i (x, y) is:
Repeating the procedure for each eigenvector u i resultants in a set of eigen-maps I i (x, y), with i = 1, 2, ..., n v . From an individual eigen-map I i (x, y), the gradient orientation at individual pixel (x, y) is calculated by convolving the image with 3 × 3 Sobel kernels:
where x I i (x, y) and y I i (x, y) are the x and y components of gradients respectively. ψ gi is the pixelized gradient map for each channel I i (x, y).
Note that in the picture of turbulence, a single gradient in each pixel of ψ gi contains little statistical information and does not indicate the magnetic field direction directly. However, the distributions of the gradient orientation appear as an accurate Gaussian profile with an appropriate size of subregions. Yuen & Lazarian (2017a) , therefore, proposed the sub-block averaging method, i.e., taking the Gaussian fitting peak value of the gradient distribution in a selected subblock, to statistically define the mean magnetic field in the corresponding sub-region. Different from Yuen & Lazarian (2017a) , we continuously implement the sub-block averaging method. Each pixel of ψ gi is taken as the center of a sub-block and applied the recipe of sub-block averaging. The resolution of the resultant gradient map is unchanged.
We denote the gradients' orientation after the sub-block averaging implemented as ψ s gi (x, y). In analogy to the Stokes parameters of polarization, the pseudo Q g and U g of gradient-induced magnetic fields are defined as:
The pseudo polarization angle ψ g is then defined correspondingly, which gives a probe of plane-of-the-sky magnetic field orientation after rotating 90 • . The rotation is automatically performed without specification. Note that in constructing the Q g (x, y) and U g (x, y), one can project the data onto the subset of the dominant principal components but not onto all of them, i.e., n < n v , especially when the smallest eigenvalues of the covariance matrix are dominated by noise. In this work, we do not distinguish the noise subset and use n = n v . The relative alignment between magnetic fields orientation and rotated pseudo polarization angle (ψ g +π/2) is quantified by the Alignment Measure (AM):
An example of how velocity gradients change orientations at the gravitational collapsing region, using simulation A1 with t f f 0.8 Mry (see Tab. ??). Panel a and b: a global and a zoom-in magnetic field morphology inferred from VGT respectively. The magnetic field is superimposed on the projected intensity map and visualized using the Line Integral Convolution (LIC). Panel f and e: a global and a zoom-in magnetic field morphology inferred from synthetic polarization respectively. Panel c: the histograms of velocity gradients orientation in the diffuse region which shows a single-peak Gaussian profile (left), and in the boundary of the gravitational collapsing region which shows a double-peak Gaussian profile (right). Panel d: the zoom-in magnetic field morphology inferred from VGT with a 90 • re-rotation implemented for gravitational collapsing region. The corresponding AM is 0.75.
where θ r is the angular difference in individual pixels, while ... denotes the average within a region of interests. In the case of a perfect alignment of the magnetic field and VGT, we get AM = 1, i.e., the rotated ψ g is parallel to the POS magnetic field. The standard error of the mean gives the uncertainty σ AM ; that is, the standard deviation divided by the square root of the sample size.
Double-peak features in the histogram of velocity gradients orientation
To identify the boundary of collapsing regions from gradients' orientation, we developed the double-peak algorithm as follows. Based on our theoretical consideration, velocity gradients change their orientation by π/2 in gravitational collapsing regions. This change can be extracted from the histogram of velocity gradients orientation: (i) The peak value of the histogram locates at θ in diffuse regions, (ii) The peak value of the histogram becomes θ + π/2 in gravitational collapsing regions. (iii) In the transitional region, i.e., the boundary of collapsing regions, the histogram is therefore expected to show two peak values θ and θ + π/2, denoted as a double-peak feature. As shown in Fig. 2 , the histogram of velocity gradients orientation in the diffuse region shows a single-peak Gaussian profile, while in the boundary of the gravitational collapsing region it shows a double-peak Gaussian profile. This distinct feature, therefore, gives information about gravitational collapsing regions. For magnetic field tracing, we perform a 90 • re-rotation to the gradients in the collapsing region. The resultant magnetic fields agree with the one inferred from synthetic polarization, i.e., AM = 0.75.
To implement the double-peak algorithm, we define every single pixel of ψ g as a center of sub-block and draw the histogram of velocity gradients orientation within this subblock. Note the size of the sub-block can be different from the one for the sub-block averaging method (see § 3.1) and we denote it as the 2 nd block. To suppress noise and the effect from insufficient bins' number, we plot the envelope for the histogram, which is a smooth curve outlining its extremes. The term whose histogram weight is less than the mean weight value of the envelope is masked. After masking, we work out the peak value of each consecutive profile. Once there exist more than one peak values, and the maximum difference of these peaks values is within the range 90 • ± σ θ where σ θ is the total standard deviation of each consecutive profile, the center of this sub-block is labeled as the boundary of a gravitational collapsing region.
The curvature of velocity gradients
In addition to the double-peak algorithm, the curvature of velocity gradients can also be used to identify the boundary of collapsing regions. For a gravitational collapsing region, velocity gradients rapidly change their direction by 90 • . In this case, the curvature of velocity gradients reaches its maximum value. By sorting out the curvature, one can, therefore, find the boundary of self-gravitating regions.
To calculate the curvature, we follow the receipt used in . We firstly interpolate the pixelized gradient field ψ g . Then a 2 nd order Runge-Kutta (RK2) vector integrator is implemented to produce a sufficient streampath that allows us to compute the curvature directly.
The method of RK2 vector integrator can be as simple as, given a vector field ψ g (x, y) and step size dt, where (x, y) ∈ R. For example, we can produce the next two coordinates (x , y ) and (x , y ) along the stream-path of gradients as:
where the plus sign means a forward integrator and minors sign is a backward integrator. We perform the integrator forward and backward for four steps respectively to establish a streamline L(t) = {(x i , y i , t)} i∈N for each pixel, where t is the parametrized variable defining the streamline. Then we can compute the unsigned curvature κ(t) through the definition (Coolidge 1952) :
Since the computation of T(t) requires a normalization, we then will first obtain the normalized T. The derivative of T(t) is computed using the one dimensional five-point stencil:
(17) By repeating this recipe for every pixel in the map, one can get a pixelized 2D curvature map of the gradient field ψ g (x, y). When there exists a 90 • change of gradients, κ(t) gets its maximum value.
MHD SIMULATION DATA
We generated the numerical 3D MHD simulations through ZEUS-MP/3D code (Hayes et al. 2006) , which uses a single fluid, operator-split, periodic boundary conditions, solenoidal turbulence injections, and staggered grid MHD Eulerian assumption. To emulate a part of an interstellar cloud, we use the barotropic equation of state, i.e., these clouds are isothermal with temperature T = 10.0 K and sound speed c s = 187 m/s. The relative importance of gravity and thermal pressure forces is characterized by cloud size L = 
where v L is the injection velocity and v A is the Alfvénic velocity. The turbulence is highly magnetized when the magnetic pressure of plasma is larger than the thermal pressure, i.e. M A < 1. We refer to the simulations in Tab. 1 by their model name. For instance, our figures will have the model name indicating which data cube was used to plot the figure. The self-gravity is switched after the turbulence gets saturated at the first snapshot 0 Myr.
RESULTS

Evolution of the probability density function
To exam the behavior of PDF at different collapsing stages, we apply it to seventeen snapshots of A2 for each interval of the free-fall time ∆t f f = 0.20M ry, after the gravity is turned on. In Fig. 3 , we plot the density PDF for the simulation A2. The PDFs are fitted with a 95% confidential level from initial data analysis. Fig. 3 (a) shows that the PDFs are in log-normal format until t f f = 2.2M yr, while the width of (a) (b) (c) Figure 3 . The log-normal plus power-law models of PDF. The dotted line outlines all the density past the transition density which is the dense self-gravitating gas. α is the slope of the power-law part, St denotes the transition density, and σs represents the standard deviation of the log-normal part.
the PDFs is increasing. The prior studies (Krumholz & Mc-Kee 2005; Burkhart et al. 2009 ) explained that for isothermal turbulence the width of log-normal PDFs is given by M s and turbulence driving parameter b:
However, with the presence of self-gravity, both super-sonic and sub-sonic simulations give similar σ s . As a result, we expect A2 tends to be super-sonic with the increment of selfgravity, and we do see the M s ≥ 1 after t f f > 2.0M yr. Note that although the fitted PDFs in Fig. 3 (a) is log-normal, fewer parts of un-fitted PDFs are similar to a power-law format. One explanation is that the small volume gravitational center becomes self-gravitating earlier. Fig. 3 (b) shows that the PDFs of A2 with t f f ≥ 2.4M yr. We see the PDFs become the combination of a log-normal component for low-density gas and a power-law component for high-density gas. The increasing σ s also indicates the M s of A2 simulation is continuously getting larger. The gas within the power-law part is expected to be self-gravitating. The shallower slope α and the smaller value of transitional density S t reveal that the volume of self-gravitating gas is increasing (Collins et al. 2012; Burkhart 2018) .
However, the super-sonic simulation A1 behaves differently in the presence of self-gravity. The transition from an overall log-normal PDF to a hybrid (i.e., the combination of a log-normal part and a power-law part) PDF disappears for A1. The slope α gets shallower, and the value of transitional density S t becomes smaller with the evolution. The width of the log-normal part is increasing insignificantly. We then expect the volume of gravitational collapsing gas is small so that it gives a little contribution to the overall supersonic gas.
Adaptive sub-block averaging
In order to identify the gravitational collapsing region, a high-resolution gradient map produced by VGT is indispensable. We previously always selected a sub-block with a fixed block size to perform the angular averaging. However, a small fixed block size does not guarantee enough samples for all sub-blocks. A large block size guarantees statistically sufficient samples that better define the expectation value of gradients orientation. However, a large fixed block size would provide low spatial resolution and may miss the small gravitational collapsing region, at which the gradients flip their direction. This issue can be addressed by the adaptive sub-block averaging. The adaptive size of each sub-block is determined by the fitting errors within the 95% confidence level. We vary the sub-block size and check its corresponding fitting errors. When the fitting error gets its minimum value, the corresponding sub-block size is the optimal selection. The adaptive sub-block averaging is continuously selecting each pixel as the block center and its corresponding histogram can give information about gradients' change. Without specification, we adopt the adaptive sub-block averaging method in what follows.
In Fig. 4 , we compare the adaptive sub-block averaging method with the old version, i.e., fixed sub-block size, us- . The comparison of adaptive sub-block averaging and old sub-block averaging (fixed sub-block size) in terms of the alignment of rotated gradients and magnetic fields. We use the super-sonic simulation A1 at t f f 0.8M yr. Top: the magnetic field (red segments) predicted by VGT with fixed sub-block size 44 pixels. Middle: the magnetic field (the streamlines) predicted by VGT using the adaptive sub-block averaging. Bottom: the AM of VGT and actual magnetic field in in terms of various fixed block size.
ing simulation A1 at t f f 0.8M yr. We can clearly see the adaptive sub-block averaging method keeps a higher resolution of the traced magnetic field than the fixed sub-block (size = 44 pixels). We calculate the AM between the rotated velocity gradients and magnetic fields. For the fixed sub-block averaging, we vary the block size from 22 to 33, 44, and 66. We can see the AM is increasing from 0.625 to 0.825 with the increment of block size, which has been well studied previously (Yuen & Lazarian 2017a; Lazarian & Yuen 2018a ). If we implement the adaptive sub-block averaging method, the AM is approximately 0.73, which is lower than the cases that the fixed block size is larger than 40 pixels. The adaptive sub-block averaging method, therefore, guarantees the gradient map high resolution.
The change of velocity gradients' orientation
Velocity gradients are expected to change their relative orientation with respect to magnetic fields in the presence of gravitational collapsing. To study the significance of gravity in the properties of gradients, we further explore the evolution of gradients concerning different stage gravitational collapsing by taking seventeen snapshots for simulation A2. We calculate the AM of rotated gradients and magnetic fields. The results are shown our in Fig. 5 (a) . At the time t f f = 0, the gravity is introduced into the simulation that already stirred with magnetized turbulence and we take the snapshot until free fall time t f f 3.4M yr. At t f f 2.4M yr, the AM falls below zero. After this, the negative AM indicates that most of the rotated gradient vectors tend to be orthogonal to the magnetic field direction. However, a cloud may not be collapsing because of the support of the magnetic field and turbulence, even the gravitation energy is large. A more reliable measurement of collapsing gas is the convergence of the 3D velocity field. When there exist gravitational collapsing, flows of matter are converging into the collapsing center. As a result, the convergence of velocity is expected to increase significantly. We then calculate the convergence in the 3D velocity field and project it along line-of-sight into a 2D map. Since a negative convergence indicates a divergent flow, a positive convergence in 2D means a convergent flow. In Fig. 5 (b) , we plot the correlation of the mean projected convergence and gravitational energy. We can see that convergence is positively proportional to the increment of gravitational energy. The supersonic convergent fluid is, therefore, induced by self-gravity. Also, In Fig. 5 (c) , we show the variation of magnetic field energy, kinetic energy, and gravitational energy |E g |. We find kinetic energy E k and gravitational energy are both increased since the self-gravity is accelerating the convergent flow. Approximately, the energy relation satisfies |E g | 2E k . However, the magnetic energy is approximately keeping constant, which is the resultant of turbulence reconnection. The reconnection diffusion tends to make the magnetic distribution uniform and not correlated with the density enhancement .
According to our theoretical consideration in § 2, the convergent flow shall follow the magnetic field line. In Fig. 5 (d) , we calculate the AM of magnetic field angle and velocity an- gle in 3D Position-Position-Position (PPP) space. We see the AM is increasing from -0.2 to +0.6 with the increment of free fall time, i.e., gravitation energy. It implies that the velocity field is becoming parallel to the magnetic field. As the convergent fluid is following the same direction as velocity, the convergent flow is also parallel to the magnetic field in the case of gravitational collapsing. It agrees with our theoretical consideration. Also, at the full range of free-fall time, the magnetic field energy is always more significant than others. We can then conclude that star formation can happen very successfully in strongly magnetized and fully ionized media.
The convergence of velocity is confirmed as a proper probe of gravitational collapsing. We can then study the behavior of velocity gradients in collapsing regions using the convergence. We plot the 2D histogram of velocity gradients' orien-tation and the projected velocity's convergence using A2 simulation in Fig. 6 (a) and (b) . At the snapshot t f f 0.0M yr, we see that the velocity gradients' orientation is concentrated at the surrounding of π/2. However, at t f f = 3.4M yr, we see a extreme increment of the convergence. More importantly, the velocity gradients flip their direction by π/2, becoming 0 or π. It, therefore, confirms that velocity gradients change orientation by 90 • with the presence of gravitational collapsing.
The change of velocity gradients' orientation, therefore, provides the possibility to identify the gravitational collapsing region without the assistance of polarimetry. For example, as shown in Fig. 2 , the histogram of velocity gradients' orientation on the boundary of the collapsing region appears a double-peak feature. The corresponding angular difference between the two peaks is 90 • . This double-peak feature can, therefore, be used to distinguish diffuse and gravitational collapsing regions (see § 5.6.1). The curvature of velocity gradients will also get its maximum value on the boundary of the collapsing region since the gradients rapidly flip their direction by 90 • (see § 5.6.2). There are also several ways to detect this change. For instance, one can take calculate the gradient of the resultant velocity gradients' map again, i.e., ∇(∇v(x, y)). The amplitude |∇(∇v(x, y))| will arrive maximum on the boundary of the collapsing region. Also, we can perform the extrapolation along the direction of velocity gradients in diffuse regions. Since the rotated velocity gradients in the diffuse region are following magnetic field lines, the extrapolated gradients in the collapsing region do not flip their direction. When the difference between the ex- trapolated gradients and the actual gradient is 90 • , we can locate the collapsing region.
The change of velocity gradients' amplitude
A recent study of velocity gradient amplitudes is provided in in terms of the properties of magnetized turbulence. In addition to velocity gradients' orientation, the self-gravity also affects velocity gradients' amplitude. Self-gravitating gas induces an additional force and acceleration to turbulent plasma. As a result, the gradients' amplitude is expected to increase in the gravitational collapsing region. As shown in , the dispersion of gradients' amplitude is positively proportional to free-fall time. We, therefore, expect the analysis of velocity gradients' amplitude can also distinguish the self-gravitating region.
In Fig. 7 , we describe the response of velocity gradients' amplitude in the presence of self-gravity. We plot two 2D histograms of logged velocity gradients' amplitude 2 and the projected velocity's convergence using A2 simulation at Figure 8 . The magnetic field derived from polarization (top) and the magnetic field inferred from VGT (bottom) using a synthetic PPV cube. The magnetic field is superimposed on the polarized intensity map and visualized using the LIC. The cube is produced from the MHD simulation A1 at t f f = 0.8M yr, using a unity density field while keeping the original velocity field unchanged MS = 6.52. The corresponding AM = 0.98.
yr and t f f 3.4M yr respectively. When the self-gravity is absent, we see the 2D histogram give no preferential direction, i.e., the probability of obtaining large gradients' amplitude is similar for both high convergence and low convergence cases. However, the situation gets changed when gravitational collapsing starts. At t f f 3.4M yr, we find that the 2D histogram becomes anisotropic. The high convergence corresponds to only large gradients' amplitude, and low convergence corresponds to small gradients' amplitude. Since the high velocity convergence is induced by self-gravity, large gradients' amplitude is, therefore, the reaction to self-gravity also. It then provides an alternative way to identify gravitational collapsing regions through gradients' amplitude.
The fraction of collapsing gas
The velocity gradient exhibits different behaviors when either turbulence or self-gravity is dominating the cloud. However, in the 2D map, the particular properties of gradients' change due to self-gravity can only be seen when the fraction of self-gravitating material is sufficiently large. In the case that the fraction of collapsing gas occupies a small volume of the clouds, the projection of both self-gravitating and non-self-gravitating gases can overwhelm the gravitational collapsing region in 2D. For example, in Fig. 5 , we see the change of AM, which quantifies the relative orientation between the velocity gradient and magnetic field, is accumulated. Considering the fraction of collapsing gas is increasing, more collapsing regions then can be resolved by VGT.
To test the effect of a small fraction of collapsing gas, we produce a synthetic PPV cube from the MHD simulation A1 at t f f = 0.8 Myr, using a unity density field while keeping the original velocity field unchanged M S = 6.52. The unity density field erases the self-gravitating gas. In Fig. 8 , we plot the actual magnetic field inferred from synthetic dust polarization and also the magnetic fields inferred from VGT (see § 3). We can see the magnetic field orientation is distributing around π/2 and VGT gives a good agreement with the actual magnetic field, i.e., AM = 0.98. The magnetic fields orientation inferred VGT using the actual density field is plotted in Fig. 2 showing AM = 0.73. It, therefore, confirms that when most of the matter along the line of sight is not collapsing, the performance of VGT is dominated by non-collapsing gas, i.e., the turbulent gas. 5.6. Identify gravitational collapsing regions through velocity gradient 5.6.1. Double-peak histogram of velocity gradients orientation
Because velocity gradients change orientation by 90 • in the presence of the gravitational collapsing (see § 5.3), we expected when getting close to the boundary of self-gravitating gas the histogram of gradients' orientation appears a doublepeak feature. The algorithm of the double-peak feature is therefore is used by us to locate gravitating collapsing gas (see § 3.2 for details).
In Fig. 9 , we zoom-in two sub-regions A1-1 and A1-2 from simulation A1 at t f f 0.8M yr. These sub-regions both contain well-defined convergent flows. We plot the gradients' orientation and the velocity convergence projected from 3D for each region. We see that amounts to gradients flip their direction by π/2. These resultant gradients are either 0 or π. One possible explanation is the different directions of infall gas. We compare the change of gradients' orientation with the PDF method (see Fig. 9 ). First of all, we observe that the majority of self-gravitating regions identified from the two methods are similar and reflect the convergent flows. However, for the A1-1 region, we find there exit a filamentary Figure 9 . Panel a: the 1st column: the gravitational collapsing regions (blue regions) identified from the PDFs. The 2nd column: the orientation of velocity gradients in the range of [0, π] (i.e., red: π, blue: 0, and green: π/2). The 3rd column: the projected velocity convergence of each corresponding region. The 1st and 2nd rows are two sub-regions extracted from simulation A1 at t f f 0.8M yr, denoted as A1-1 and A1-2, respectively. Panel b: the gravitational collapsing regions (red regions) identified from the double-peak feature of velocity gradients morphology. The 2 nd block size is implemented in the double-peak algorithm to plot the histogram of velocity gradients' orientation in a sub-region. We test three block sizes, i.e., 30, 40, and 50. The 1st and 2nd rows are two sub-regions extracted from simulation A1 at t f f 0.8M yr, denoted as A1-1 and A1-2, respectively. structure which is identified as self-gravitating by PDFs but not by double-peak. For PDFs, it gives a density threshold to distinguish high-density gas showing self-similarity, but the high-density gas contains not only self-gravitating materials but also non-self-gravitating density enhancement. As a result, the PDF method could mix self-gravitating structures and non-self-gravitating density enhancement. The second reason could come from velocity gradients. In Fig. 5 , velocity gradients hold their orientation little changed at the early stages of collapsing. We can expect the velocity field is significantly changed only when the gravitational energy dominates over the kinematic energy of turbulence. In this case, this filamentary structure could be at the beginning of col-lapsing. Also, note that the convergence is projected from a 3D cube. The projection can mitigate a small volume of collapsing fluid due to the matter along the line of sight where there is no collapse (see § 5.5). For the implementation double-peak algorithm, we firstly produce a pixelized map of velocity gradients' orientation using the adaptive sub-block averaging method (see Fig. 9(a) ). Based on the resultant velocity gradients' map, we select a sub-block again (denoted it as the 2 nd sub-block) to plot the corresponding histogram. Note the 2 nd sub-block here is different from the one for the first step of magnetic fields tracing (see § 3.2). Since the 2 nd sub-block does not require a Gaussian fitting, we do not utilize an adaptive sub-block size, but keep it fixed (see § 3.2 for details). In Fig. 9 , we vary the size of the 2 nd block and highlight the entire region enclosed by the boundary identified by the double-peak using red color. We can see that a large block size produces a more significant boundary of the self-gravitating region, which is expected. We compare velocity's mean convergence in the selfgravitating regions identified from PDFs and VGT's doublepeak algorithm, as well as the global mean convergence in the entire sub-region, see Fig. 10 . For VGT (i.e., the double-peak algorithm), the convergence is not constant. A large block would include more non-collapsing gas so that the convergence becomes small. Both of the adaptive sub-block averaging method and the double-peak would include additional parts of non-convergent material due to the blocks on the boundary. This explains that the convergence obtained from the PDF method is always larger. To have the best performance, the block size should be selected until the histogram shows two apparent Gaussian distributions. In addition, in both of these two regions, we can see the convergences for VGT are positive and much significant than their corresponding global mean convergences.
The curvature of velocity gradients
The curvature of velocity gradients gets its maximum value when the gradients flip their direction by 90 • . The curvature is, therefore, the second way to identify the self-gravitating regions. In Fig. 11, we give an example of how the curvature algorithm works. We use three different collapsing stages of the sub-region A1-2, i.e., 0.4 Myr, 0.6 Myr, and 0.8 Myr. At the initial collapsing stage, we expect that there exists a large amount of convergent gas, and the dynamics become slim at the later collapsing stage. This can be measured from the changes in gradients' orientation. Fig. 11 shows that the area in which gradients change directions is decreasing its size when the free-fall time goes up. It is clear that the red tail in this area is vanishing. In the second row of Fig. 11 , one can see that the gradients' curvature becomes significantly large at the boundary of collapsing regions. However, the curvature does not reveal the region where the change of velocity gradients' direction is not sufficient for 90 • . According to the enclosed boundary outlined by the curvature, we quickly figure out the full collapsing regions using the "contourf" function of Julia. One can see the formation of the core at t f f = 0.8 Myr, and the collapsing is shrinking its size. Comparing with the collapsing regions identified from PDFs (see Fig. 11 , the 4th row), we get similar results for both VGT and PDFs methods at t f f = 0.8 Myr. However, PDFs appear smaller collapsing areas than VGT at t f f = 0.4 Myr and t f f = 0.6 Myr. One reason is that PDFs do not measure the existence of the continuous inflow onto the star-forming cores at the early stages of star formation before enough gas is accumulated in the core, but VGT samples velocities and therefore it is sensitive to the inflow.
We show in Fig. 6 that the large convergence in collapsing regions guarantees a large amplitude of velocity gradients. We, therefore, study the gradient amplitude in the collapsing region identified from VGT and PDFs. In Fig. 12 , we calculate the average value of gradients' amplitude in the corresponding collapsing regions and also the global mean value of the amplitude. We can see that both VGT and PDFs always give more significant gradients' amplitude than the global mean value. However, PDFs can also show a higher amplitude than VGT. The adaptive sub-block averaging method still contributes to the difference. The utilization of a subblock will take into account extra non-convergent inflow. However, the sub-block averaging is not implemented in the calculation of gradients' amplitude. We can then figure out the inflow with the assistance of gradients' amplitude. Figure 11 . The example shows how to identify collapsing regions from the curvature of velocity gradients. We use three different collapsing stages of the sub-region A1-2, i.e., 0.4 Myr (the 1st column), 0.6 Myr (the 2nd column), and 0.8 Myr (the 3rd column). The 1st row: the orientation of velocity gradients in the range of [0, π) (i.e., red: π, blue: 0, and green: π/2). The 2nd row: the curvature of velocity gradients calculated from the RK2 method. The 3rd row: the gravitational collapsing regions (red regions) identified from the curvature of velocity gradients. The 4th row: the gravitational collapsing regions (blue regions) identified from the PDFs.
In Fig. 13(a) , we outline the areas of gradients amplitude corresponding to the collapsing regions identified by VGT (see Fig. 11 ), but at different collapsing stages t f f 0.4 Mry, 0.6 Mry , and 0.8 Myr. In the same regions, we also mask the low amplitude pixel, i.e., its corresponding amplitude is less than the global mean value. The remaining areas, therefore, have high gradients' amplitude and high convergence, i.e., the convergent inflow. We can see, in Fig. 13 , the inflow is slight but cover a larger area at t f f = 0.4 Myr. At t f f = 0.6 Myr, the inflow gets stronger and finally goes into the core of star-formation at t f f = 0.8 Myr. In Fig. 13(b) , we plot the actual 2D convergent flow map normalized by the total column density along the particular line of sight. Comparing with the actual convergent flow, we can see both PDF and VGT give similar answers and can determine the projected convergent flow by themselves. Note that at t f f = 0.4
Myr and t f f = 0.6 Myr, the convergent flow obtained from VGT occupies a larger area than the one defined by PDF (see Fig. 11 ). We expect the reason is that PDFs are sensitive to only the already formed accreting cores, but gradients trace all the convergent flow. The outcome of VGT is also affected by the fraction of collapsing gas in the cube. In § 5.5, we show that when most of the matter along the line of sight is not collapsing, VGT may not reveal the collapsing region. As for the PDFs, in addition to the issue of the low fraction of collapsing gas, the low-density part of collapsing gas may also be overwhelmed because of the projection effect. To justify this point, we show the 3D visualization of actual convergent flow at t f f = 0.6 Myr in Fig. 13(c) and (d) . We use a blue box to outline the corresponding 3D convergence identified by VGT and PDFs, respectively. We can see the convergent area defined by VGT included the majority of 3D convergent flows, while the PDFs give only the strongly convergent fluid, which does not cover the convergence on the top volume. We find the convergent fluid on the top corresponds to the low-intensity region of the 2D projected in- Figure 12 . A comparison of the average velocity gradients' amplitude in the self-gravitating regions identified from PDFs (blue) and VGT's curvature algorithm (red). The corresponding regions are shown in Fig. 11 . The black line indicates the global mean convergence in each region. tensity map, see Fig. 13 (d) . The PDFs, therefore, do not resolve the low-intensity part since the transition threshold S t of PDFs only highlights the high-intensity part (see § 2). As for the bottom part of the 3D convergence, the fraction of collapsing gas is minimum, see Fig. 13 (d) . Its 2D projection is therefore dominated by non-collapsing gas.
Besides, we calculate the mean convergence for the regions corresponding to (i) the inflow outlined by the curvature and amplitude, (ii) the collapsing region identified by the curvature algorithm, (iii) the collapsing region identified by PDFs, and (iv) the entire A1-2 region. The result is presented in Fig. 14. Firstly, we see the global mean convergence is increasing with the evolution of gravitational collapsing. Both VGT and PDFs always give larger convergence than the global mean value, while PDFs can also show a larger convergence than VGT employing only the curvature algorithm. However, the convergent inflow obtained from VGT also shows a larger convergence. In particular, at t f f = 0.4
Myr and t f f = 0.6 Myr, VGT (curvature & amplitude) appears a larger range of inflow and the largest convergence. As for the very initial and final moments, i.e., t f f = 0.2
Myr and t f f = 0.8 Myr, the dynamics of collapsing are less significant, and the amplitude includes some non-convergent fluid.
IDENTIFY GRAVITATIONAL COLLAPSING REGIONS WITH INTENSITY GRADIENTS
It has been shown that intensity gradients also change their direction by 90 • in the presence of gravitational collapsing (Yuen & Lazarian 2017b; Hu et al. 2019c ). Here we apply the tools developed in the paper, i.e., the adaptive subblock averaging and curvature algorithm to identify the gravitational collapsing region using the Intensity Gradient Technique (IGT). The intensity map I(x,y) is produced through the integration of PPV cubes along the line of sight:
where ρ is gas density, v is the velocity component along the line of sight. By doing convolution with Sobel kernels G x and G y , the intensity gradient orientation at individual pixel (x, y) is obtained:
where x I(x, y) and y I(x, y) are the x and y components of intensity gradients respectively. ASB denotes the implementation of the adaptive sub-block averaging method and ψ is the resultant intensity gradient map.
As an analogy to the velocity gradient, we repeat the same analysis for the intensity gradient to study its properties in collapsing regions. In Fig. 15 , we plot the 2D histograms of intensity gradients' amplitude, i.e., log(|∇I|), and velocity's convergence using A2 simulation at t f f 0.0M yr and t f f 3.4M yr in the 1st row. Note we normalized the amplitude in each plot. In the absence of self-gravity, i.e., at t f f 0.0M yr, the convergence of velocity is low, and the histogram is slight deviates towards the part with high-intensity gradients amplitude. In general, the probability of obtaining large intensity gradients amplitude is similar for both high convergence and low convergence cases. While Fig. 6 shows the similar histogram of velocity gradients amplitude is more isotropic. When the self-gravity grows strong, i.e., at t f f 3.4M yr, the 2D histogram becomes very anisotropic. The high convergence corresponds to only large gradients' amplitude, and low convergence corresponds to small gradients' amplitude. Since the high velocity convergence is induced by self-gravity, large gradients' amplitude is, therefore, the outcome of self-gravity. In the bottom row of Fig. 15 , we give the 2D histograms of intensity gradients' orientation and velocity's convergence using still A2 simulation at t f f 0.0M yr and t f f 3.4M yr. We see that the histogram is close to a uniform distribution. For either positive convergence part or negative convergence part, one can equally find the orientation of intensity gradient in the full range of [0, π). However, the distribution of velocity gradients only concentrates on the π/2 (see Fig. 5 ), which is the mean magnetic field direction in our simulation. Velocity gradients are, therefore, more accurate in terms of magnetic field probing than intensity gradients. As for t f f 3.4M yr, the distribution of intensity gradients deviates towards either 0 or pi, i.e., gradients become perpendicular to the magnetic field (note we rotate gradients by 90 • in this work). Therefore, in the case of gravitational collapsing, both velocity gradient and intensity gradient flip their direction by 90 • , and large gradients' amplitudes are induced simultaneously. It then provides an alternative way to identify gravitational collapsing regions through intensity gradients. Figure 13 . Panel a: The areas of the gradients amplitude corresponding to the collapsing regions identified by VGT (see Fig. 11 ) in A1-2 at t f f 0.4 Mry (left), 0.6 Mry (middle), and 0.8 Myr (right). In the same regions, we mask the low amplitude pixel, i.e., its corresponding amplitude is less than the global mean value. The remaining colorful areas indicate a high gradients' amplitude and a high convergence, i.e., the convergent inflow. In Fig. 16 , we apply the curvature algorithm to identify the collapsing part in the sub-region A1-2 at t f f 0.4M yr, 0.6M yr, and 0.8M yr respectively, which has been analyzed in Fig.11 . Firstly, we see intensity gradients change their orientation at the surroundings of the core. However, the area showing the change is significantly larger than the one seen in velocity gradients' orientation, while its evolution is similar. The top part and bottom part are initial, i.e., at t f f 0.4M yr, showing the change of gradients' direction, but at t f f 0.8M yr the change disappears in these two areas. According to our theoretical consideration, both intensity and velocity gradients are sensitive to the motion of infall fluid. Once the collapsing has been completed without surrounding infall fluid, the gradients do not distinguish the core. We distinguish the collapsing region and see some diffuse regions on the right side of the intensity map are also covered. Since the intensity gradients are sensitive to both self-gravity and shock (Hu et al. 2019c) , the change in the diffuse area might come from shocks. Recall that self-gravity will also induce a larger amplitude of intensity gradients, but this is not the case for shock, i.e., the upper limit of the amplitude depends on the compressibility β Xu et al. 2019) . We then also highlight the high amplitude part (i.e., its corresponding amplitude is larger than the global mean value) in Fig. 16 . We see that large gradients amplitude only appears in the surrounding of the collapsing core, while the diffuse region only shows small values of gradients amplitude. As for velocity gradients, we show in Fig. 14 that they disclose the self-gravitating region.
To justify our consideration about shocks, we give the 3D visualizations of velocity convergence in Fig. 17 , using simulation A1 at t f f 0.8M yr. Similar to Fig. 14, we remove negative convergence to outline the convergent inflow and mask the low amplitude pixel, i.e., its corresponding amplitude of intensity gradients is less than the global mean value.
The large amplitude region agrees with the high convergence region. As for the small-amplitude region on the top, the convergence is insignificant and is not expected to be resolved by gradients. In addition, in Fig. 17 , we outline the high-intensity structures whose intensity is five times larger than the global mean value. Recall that the magnetic field is pointing in or out the paper in this visualization. We can see those high-intensity structures are perpendicular to magnetic fields, as explained in Xu et al. (2019) . In the bottom panel of Fig. 17 , we show the 3D visualizations of high gravitational energy, i.e., the corresponding gravitational energy in each pixel is five times larger than the global mean value. As we expected, the upper right volume is not bounded by gravitational energy but full will high-intensity structures, which is believed to be shocks. After projection, this shock space matches the area in which the intensity gradients change their orientation. The change of intensity gradients' orientation in the diffuse region is, therefore, mostly coming from the contribution of shocks. We then can distinguish the collapsing regions and shock through the comparison of intensity gradients' orientation and amplitude, as well as velocity gradients. More importantly, the gravitational collapsing region identified by VGT agrees with the 2D projection of high gravitational energy space. Also, in Fig. 18 , we find in the zoom-in collapsing region, the local magnetic field energy gets maximum in the center of collapsing clump. Although the turbulent reconnection tries to minimize the increment of the magnetic field, the effect is constrained by its finite rate in high-density regions. We can, therefore, observe a stronger magnetic field in the collapsing center.
The combination of VGT and IGT can also be used to determine the stages of gravitational collapsing. For instance, comparing Fig. 16 and Fig. 11 , we find the dense collapsing region identified by IGT is still larger than the one identified by VGT. Considering the physical evolution of intensity and velocity fields, the velocity field is dramatically changed only when the gravitational energy dominates over the kinematic energy of turbulence, but the intensity field's change is accumulating. Therefore, the change of intensity gradients would be observed in the initial collapsing stages. As a result, we can determine the collapsing stages through the comparison of VGT and IGT: (i) the onset of collapsing. The rotated velocity gradients and intensity gradients, together with the magnetic field, are aligned with each other; (ii) the middle stage of collapsing. The rotated velocity gradients are still parallel to magnetic fields, while the intensity gradients show no alignment to both velocity gradients and magnetic fields; (iii) the final stage of collapsing. The rotated velocity gradients and intensity gradients are anti-aligned (perpendicular) to the magnetic field, while velocity gradients and intensity gradients are aligned parallel to each other. 7. DISCUSSION 7.1. Identify self-gravitating regions from velocity gradients and intensity gradients
The novel VGT technique utilizes the velocity gradient to trace the magnetic field based on the anisotropic properties of MHD turbulence. The properties of turbulence are modified in self-gravitating environments. As shown in Fig. 18 , in a gravitational collapsing region with sub-Alfvénic condition, the magnetic field is strong enough to provide supporting force. A magnetic force counteracts any gravitational pull inducing the acceleration, which is perpendicular to the magnetic field. The gravitational force, therefore, produces the most significant convergent plasma accelerating in the direction parallel to the magnetic field. The maximum spatial difference of velocity is then following the same direction of the convergent flow, which means the velocity gradients are parallel to the magnetic field. Comparing with the nonself-gravitating turbulence, in which the velocity gradients are perpendicular to the magnetic field, the velocity gradient flips its direction by 90 • when self-gravity dominates over turbulence. Such changes mark the transition from a magnetic field and turbulence dominated regime at low densities, to higher density regions that are collapsing under gravity.
Based on the change of gradients' orientation in the collapsing region, we propose two novel approaches to identify gravitational collapsing regions through velocity gradients, i.e., the double-peak algorithm (see § 3.2) and the curvature algorithm (see § 3.3). The double-peak algorithm quantifies the change of gradients' orientation in a histogram format. Supposing we zoom into a sub-region and draw the corresponding histogram of velocity gradients' orientation. When the sub-region is diffuse, the velocity gradient is perpendicular to the magnetic field, and the histogram is a single Gaussian distribution. However, when the sub-region contains enough collapsing materials, i.e., on the boundary of the collapsing region, amounts of velocity gradients flips their direction by 90 • , becoming parallel to the magnetic field. The histogram, therefore, appears two Gaussian peak values at angle θ and θ + π/2, which we denote as the double-peak feature. This feature reveals the boundary of the gravitational collapsing region without the usage of polarimetry measurements. As for the curvature algorithm, it utilizes the geometry of the velocity gradient. When the velocity gradient goes from diffuse region to collapsing region, i.e., on the boundary of the collapsing region, its direction is rapidly changed by 90 • . This significant change induces a maximum curvature of velocity gradients, while the curvature is approximately Figure 16 . The example shows how to identify collapsing regions from the curvature of intensity gradients. We use three different collapsing stages of the sub-region A1-2, i.e., 0.4 Myr (the 1st column), 0.6 Myr (the 2nd column), and 0.8 Myr (the 3rd column). The 1st row: the orientation of intensity gradients in the range of [0, π) (i.e., red: π, blue: 0, and green: π/2). The 2nd row: the gravitational collapsing regions (red regions) identified from the curvature of intensity gradients. The 3rd row: the areas of the gradients amplitude corresponding to the collapsing regions identified by intensity gradients. In the same regions, we mask the low amplitude pixel, i.e., its corresponding amplitude is less than the global mean value.
zero. The calculation of curvature allows us to highlight the boundary of the gravitational collapsing region.
Intensity gradients also change their direction in the presence of self-gravity (Yuen & Lazarian 2017b; Hu et al. 2019c) . In § 6, we apply the tools developed in this paper,i.e., the double-peak algorithm and the curvature algorithm, to intensity gradients. We see that in the case of gravitational collapsing, intensity gradients flip their direction by 90 • , and large gradients' amplitudes are induced simultaneously. It then provides an alternative way to identify gravitational collapsing regions through intensity gradients. However, the change of the direction was shown to happen at different stages of the collapse (Lazarian & Yuen 2018a) , by comparing the velocity gradients (calculated from thin velocity channels that are mostly affected by velocities) and intensity gradients (calculated from thick velocity channels which represent the intensity fluctuation). This testified that by comparing the velocity and intensity gradients, one could distinguish the stage of the gravitational collapse. Hu et al. (2019c) numerically elaborated on the difference of intensity gradients and velocity gradients in the presence of self-gravity. The study clearly showed that in selfgravitating regions, the change of intensity gradients' orientation is more dramatic and fast than velocity gradients. The expected reason is that the change of the density field is an accumulating process, while the velocity field is significantly changed only when the gravitational energy dominates over the kinematic energy of turbulence. This thus provides a way of, first of all, locating regions dominated by self-gravity and second, identifying the stage of gravitational collapsing. The PDFs, however, are strongly limited by radiation transfer effects and do not distinguish the collapsing stages (Hu et al. 2020b ). In addition, the Histogram of Relative Orientation (HRO) developed in Soler et al. (2013) employs the density gradient to characterize the relative orientation of column density structures and magnetic fields. The HRO relies on the comparison of polarimetry measurement and does not distinguish the self-gravitating region and shock.
Shock identification
The change of the direction of intensity gradients can happen in the presence of shocks (Yuen & Lazarian 2017b; Hu et al. 2019c ), i.e., intensity gradients flip their direction by 90 • in front of shocks, but this is not the case for velocity gradients. For instance, in § 6, we show that the area in which intensity gradients flip their direction is significantly larger than the one seen in velocity gradients' orientation (see Fig. 11 and Fig. 16 ). In Fig. 17 , we confirm that the change that happened in diffuse regions is caused by shocks. Since the self-gravity will also induce a larger amplitude of intensity gradients, we can then separate shocks and gravitational collapsing through the comparison with either the intensity plot on the right side shows the corresponding intensity gradients amplitude log(|∇I|). We mask the low amplitude pixel, i.e., its corresponding amplitude is less than the global mean value. Middle: a visualization of 3D intensity structures. The inner blue box and approximately outlines the boundary of the 3D collapsing region identified from IGT (red region in the 2D projection). We highlight high-intensity structures, i.e., its corresponding intensity is five times larger than the global mean value. Bottom: a visualization of 3D gravitational energy. The inner blue box and approximately outlines the boundary of the 3D collapsing region identified from VGT (red region in the 2D projection). We keep only the pixels with high gravitational energy, i.e., its corresponding gravitational energy is five times larger than the global mean value. Figure 18 . Top: a visualization of 3D magnetic field energy using simulation A1 at t f f 0.8M yr. We highlight high-intensity structures, i.e., its corresponding intensity is five times larger than the global mean value. Bottom: a visualization of magnetic field's orientation (left, blue vectors) and velocity's direction (right, red vectors). Note this sub-region exhibits high magnetic field energy and the velocity is indicating the direction of convergent flow. The unit of energy and volume density is M · pc 2 · M yr −2 and M · pc −3 respectively. gradients' amplitude or velocity gradient's orientation (see § 6).
Combining different approaches to trace magnetic fields in star-forming regions
Many polarimetry surveys showing the projected magnetic field morphology of molecular clouds, including the Planck survey of diffuse dust polarized emission (Planck Collaboration et al. 2018) , which provided us with a comprehensive picture of magnetic field morphology across the full sky. The problem that grain alignment efficiency drops near the gravitational object center brings more concern on the accuracy of such surveys (Andersson et al. 2015) . It is well known that in high-density regions, grain alignment frequently fails if the radiation field is not strong enough, while in the vicinity of the radiation sources, the alignment can happen with respect to radiation rather than the ambient magnetic field (Lazarian & Hoang 2007; Hoang et al. 2018) . Inside Giant Molecular Clouds (GMCs), this occurs most likely in the region under severe gravitational collapse. The gravitational collapse prevents observers from studying the contribution of the magnetic field to the star formation process.
The VGT has been developed as vast ecosystem which not only can trace magnetic field tracing method in both the diffuse atomic gas region and dense molecular region (Hu et al. 2020a; Hsieh et al. 2019; Hu et al. 2019a,b) , but also measure the magnetization (Lazarian & Yuen 2018a; , study the turbulent properties of the ISM, i.e., measuring M s , and distinguish shocks (Hu et al. 2019c ). The magnetization is correlated with the dispersion of the velocity gradient's orientation. When the media is highly magnetized, the compressed gas exhibits small dispersion, while the dispersion gets increment for a weakly magnetized environment. The magnetization, therefore, can be computed through the power-law correlation between M A and the dispersion given in Lazarian & Yuen (2018a) . A similar argument has also been extended to the intensity gradient by Hu et al. (2019c) . In addition to the dispersion, the geometry of the velocity gradient is still sensitive to the magnetic field strength. A strong magnetic field bends the stream-path formed by the velocity gradient showing small curvatures. The corresponding study of measuring M A from the curvature in done by . The velocity gradient also contains fruitful information about the turbulence. Supersonic turbulence induces the compressible motion of the fluid, which accordingly shows a large amplitude of the gradients, including both velocity and intensity gradients. gives the power-law relation of M s and the dispersion of the amplitude. Also, to study the magnetic field and turbulence, one particular property of velocity gradients is that they flip their directions by 90 • in the presence of gravitational collapsing. This property gives two bonuses, i.e., identifying the collapsing regions and restoring the magnetic field morphology in a self-gravitating GMC. As shown in Fig. 2 , we firstly identify the collapsing region through the double-peak algorithm and then re-rotate the velocity gradients by 90 • . The re-rotated velocity gradients still align with the magnetic field inferred from synthetic polarization measurement, showing AM = 0.75. The comprehensive picture of the parameter-free VGT is clear. Using the high-resolution molecular line observations, VGT can determine the magnetic field morphology, magnetization, sonic Mach number, and also the self-gravitating region over scales ranging from tens of parsecs to << 0.1pc, being synergistic to dust polarimetry.
To ensure the high accuracy of VGT, several approaches have been proposed to remove the noise, i.e., the Principal Component Analysis ) and extract the most crucial velocity gradients components, i.e., the sub-block averaging method (Yuen & Lazarian 2017a ) and moving window (Lazarian & Yuen 2018a) . In this work, based on our old sub-block averaging method, we develop the adaptive subblock averaging method which guarantees the high resolution of VGT. The uncertainty of VGT measurement can also be accurately quantified through the standard deviation of velocity gradients' orientation in each sub-block. Comparing with polarimetry, VGT shows advantages in probing the local magnetic fields getting rid of the contribution along LOS with high resolution. Besides the study of GMC, VGT can then assist in modeling the three-dimensional Galactic magnetic fields, which is indispensable for removing the Galactic foreground and detecting primordial B-mode polarization in the CMB. Our prior works have applied VGT to the full data of the GALFA-H I survey and showing good correspondence with those reported by Planck 353 GHz (Hu et al. 2020a ).
Observational application of VGT
The development of the VGT was initially motivated by studying magnetic fields in turbulent diffuse gas. In molecular clouds, it was shown that the velocity gradients change their directions with respect to the magnetic field (Yuen & Lazarian 2017b; Lazarian & Yuen 2018a; Hu et al. 2019a ). However, the identification of these regions with polarimetry devalued the VGT technique, which is the technique of tracing the magnetic field on its own. This paper provides a detailed study of how the VGT can work on its magnetic fields tracing in self-gravitating molecular clouds. In addition to magnetic field tracing, the VGT is shown to be able to identify the collapsing self-gravitating regions. The problem of identifying such regions is significant for the understanding of star formation.
The abundant spectroscopic data sets of different molecular tracers, for instance, the CO data obtained from JCMT (Liu et al. 2019) , GAS (Kauffmann et al. 2017) , COMPLETE (Ridge et al. 2006) , FCRAO (Young et al. 1995) , ThrUMMS (Barnes et al. 2015) , CHaMP (Yonekura et al. 2005) , and MALT90 (Foster et al. 2011 ) surveys, extends the applicability of VGT. Hu et al. (2019b) showed VGT could construct the 3D magnetic fields model in molecular clouds utilizing different emission lines of Vela C molecular cloud. For example, using 12 CO, 13 CO, and C 18 O data, VGT tells us about the POS component of the magnetic field over three different volume density ranges, from 10 2 cm −3 to 10 4 cm −3 . We can, therefore, expect that VGT can reveal the volume density range in which the collapsing occurs. A similar argument also holds for intensity gradients. 8. SUMMARY The paper continues advancing the Velocity Gradient Technique and extends it to the regions where the effect of self-gravity is important. We attempt to solve two interrelated problems. First of all, we explore the ability of gradients to trace of the magnetic field in the presence of gravitational collapse. In parallel, we study how to identify different stages of the gravitational collapse observationally. In our study, we present star formation simulations for different magnetization of the media and different levels of turbulence. We observe that star formation can successfully happen in strongly magnetized media and the non-ideal effects like ambipolar diffusion are not necessary for this. Our main points are: 1. After the gravitational collapsing starts, the dispersion of intensity PDFs, as well as the M S , is increasing. Super-sonic turbulence can be driven by self-gravity.
